Mutations in ATP8B1 cause severe inherited liver disease. The disease is characterized by impaired biliary bile salt excretion (cholestasis), but the mechanism whereby impaired ATP8B1 function results in cholestasis is poorly understood. ATP8B1 is a type 4 P-type ATPase and is a flippase for phosphatidylserine. Atp8b1 deficient mice display a dramatic increase in the biliary extraction of cholesterol from the canalicular (apical) membrane of the hepatocyte. Here we studied the hypothesis that disproportionate cholesterol extraction from the canalicular membrane impairs the activity of the bile salt transporter, ABCB11, and as a consequence causes cholestasis.
Mutations in ATP8B1 cause severe inherited liver disease. The disease is characterized by impaired biliary bile salt excretion (cholestasis), but the mechanism whereby impaired ATP8B1 function results in cholestasis is poorly understood. ATP8B1 is a type 4 P-type ATPase and is a flippase for phosphatidylserine. Atp8b1 deficient mice display a dramatic increase in the biliary extraction of cholesterol from the canalicular (apical) membrane of the hepatocyte. Here we studied the hypothesis that disproportionate cholesterol extraction from the canalicular membrane impairs the activity of the bile salt transporter, ABCB11, and as a consequence causes cholestasis.
Using single-pass liver perfusions we show that not only ABCB11-mediated transport, but also Abcc2-mediated transport was at least 4-fold reduced in Atp8b1 deficiency. We show that canalicular membranes of cholestatic Atp8b1 deficient mice have a dramatically reduced cholesterol to phospholipid ratio, i.e. 0.75 ± 0.24 vs. 2.03 ± 0.71 for wild-type. In vitro depletion of cholesterol from mouse liver plasma membranes using methyl-ß-cyclodextrin demonstrated a near-linear relation between cholesterol content of the membranes and ATP-dependent taurocholate transport. Abcc2-mediated transport activity was not affected up to 30% of membrane cholesterol depletion but declined to negligible levels at 70% of membrane cholesterol depletion. These effects were reversible as cholesterol repletion of the liver membranes completely restored Abcb11-and Abcc2-mediated transport. Our data demonstrate that membrane cholesterol content is a critical determinant of ABCB11/ABCC2 transport activity, provide an explanation for the etiology of ATP8B1 disease, and suggest a novel mechanism protecting the canalicular membrane against luminal bile salt overload.
ATP8B1 deficiency causes progressive familial intrahepatic cholestasis type 1 (PFIC1) and benign recurrent intrahepatic cholestasis type 1 (BRIC1) (reviewed in (1)). PFIC1 patients usually present at young age with typical cholestatic symptoms; serum bile salt, bilirubin, and transaminase levels are elevated but serum GGT levels are low. Liver histology reveals bridging fibrosis but no bile duct proliferation. Electron microscopic analysis shows that canalicular bile has a coarsely granular appearance as opposed to the amorphous or finely filamentous bile observed in other forms of cholestasis. PFIC1 patients can also develop extrahepatic symptoms, including watery diarrhea and pancreatitis. Orthotopic liver transplantation relieves the cholestasis, however the extrahepatic phenotypes remain. BRIC1 is characterized by periodic bouts of cholestasis, the onset and resolution of which are caused by unknown factors, and leaves no liver damage. Recently it was shown, that mutations in ATP8B1 also are associated with intrahepatic cholestasis of pregnancy (ICP) (2;3). The gene involved in these diseases, ATP8B1, encodes a member of the P4 subfamily of the P-type ATPase superfamily (4;5) . P4 ATPases are thought to function as phospholipid flippases i.e. activities that translocate phospholipids from the exoplasmic-to the cytoplasmic leaflet of membrane bilayers (6;7). We have recently shown that ATP8B1 is a flippase for phosphatidylserine (PS), a phospholipid that is exclusively confined to the cytoplasmic leaflet of the membrane bilayer (8) . An absolute requirement for plasma membrane localization 2 and activity of ATP8B1 was co-expression and physical interaction of ATP8B1 with CDC50A, a potential ß-subunit for ATP8B1. ATP8B1 is expressed in many tissues, including the liver, pancreas, and small intestine, where it localizes to the apical membrane of epithelial cells, including the canalicular membrane of hepatocytes (9) . The mechanism underlying the cholestasis in patients with ATP8B1 deficiency is not completely understood. Interruption of the enterohepatic circulation of bile salts in PFIC1/BRIC1 patients results in a remarkable normalization of serum bile salt levels and restored hepatobiliary output of chenodeoxycholic acid (10;11) . This indicates that ATP8B1 deficiency affects the activity of the major bile salt transporter, ABCB11, in the canalicular membrane of the hepatocyte and that bile salt depletion improves the activity. We have studied the pathophysiological mechanisms in the mouse model for PFIC1, the Atp8b1 G308V/G308V mutant mouse (further referred to as Atp8b1 deficient mouse) (12) (13) (14) (15) . We have previously shown that the hepatocyte canalicular membrane in Atp8b1 deficient mice is more sensitive to the detergent action of hydrophobic bile salts. This phenotype is underscored by a dramatic increase in the bile salt-dependent biliary excretion of cholesterol and canalicular ectoenzymes (13;15) . The enhanced biliary cholesterol output in Atp8b1 deficient mice was independent of the cholesterol transporter Abcg5/g8, since Atp8b1 deficient mice with inactivated Abcg5/g8 also displayed enhanced cholesterol output (15) . Furthermore, in the isolated perfused liver we showed that Atp8b1 deficiency leads to strongly impaired biliary output of taurodeoxycholate without affected Abcb11 expression and localization. We have hypothesized that ATP8B1-deficiency leads to loss of the normal phospholipid asymmetry of the canalicular membrane. As a result the canalicular membrane becomes more sensitive to extraction of cholesterol by hydrophobic bile salts, which impairs the activity of ABCB11 and, as a consequence, causes cholestasis.
In the present study we have analyzed the effect of membrane cholesterol modulation on the activity of ABCB11. We show that canalicular membranes of cholestatic Atp8b1 deficient mice have a dramatically reduced cholesterol to phospholipid ratio. Furthermore, by selective extraction of membrane cholesterol using methyl-ß-cyclodextrin, we show that ABCB11 activity is critically dependent on membrane cholesterol content.
Experimental Procedures

Mice-Atp8b1
G308V/G308V mutant (Atp8b1 deficient) mice are knockin mice for a glycineto-valine substitution at amino acid 308 leading to near-absence of the protein (12) . Atp8b1 deficient and wild-type mice (C57BL/6JOlaHsd) were housed in an animal facility on a 12-h light-dark cycle and were fed standard rodent chow. One week before experiments, animals were fed a purified semisynthetic (20% casein) diet (K4068.02, Arie Blok, Woerden, The Netherlands) with or without 0.5% (w/w) cholic acid. In all experiments age-matched (3-6 months) male mice were anesthetized by intraperitoneal injection of Hypnorm (11.76 3 H]TDC was dissolved in Krebs buffer and continuously perfused at a 50 nmol/min*100g rate for 90 min. Bile samples were taken every 5 min. At the end of the experiment livers were weighed and part was dissolved in 100% soluene (Packard). Radioactivity was determined by liquid scintillation counting. The ABCC2 substrate 5'-carboxyfluorescein was perfused as a bolus at an 80 nmol/min*100g rate for 5 min followed by 75 min Krebs buffer. Bile samples were taken every 10 min and 5'-carboxyfluorescein fluorescence was measured using a Novostar analyzer (BMG Labtech); excitation 485nm/emission 540nm. Isolation of mouse liver plasma membraneMouse liver mixed and canalicular plasma membranes were isolated as described (16) .
Briefly, livers were homogenized in 1mM NaHCO 3 (pH 7.4) hypotonic buffer in a Dounce homogenizer (loose pestle, five strokes). After centrifugation of the homogenate (15 min., 1500 x g), the crude membrane pellet was diluted with 5.5 volumes of 56% sucrose. The homogenized crude membranes were layered over 56% sucrose and below a 44%/36.5%/8% sucrose gradient and centrifuged in a Beckman ultracentrifuge (3h, 28,000 rpm in a SW28 (141,245xg) or 2h in a SW41 rotor (134,314xg)). Mixed liver membranes were collected from the 44%/36% interface, washed and resuspended in isolation buffer (250mM sucrose, 20mM Hepes/Tris, pH7.4) and revesiculated by passage of the suspension through a 27-gauge needle (30 times). Membrane vesicles were stored in liquid nitrogen. For canalicular membrane isolations, mixed liver membranes were homogenized in a Dounce homogenizer (tight pestle, 60 strokes). Homogenized mixed liver membranes were layered over a 29.7%/34%/38% sucrose gradient and centrifuged in a Beckman ultracentrifuge (40,000 rpm, 3h in a SW41 rotor (274,111xg). Canalicular membranes were collected from the 31%/29.7% interface and washed in isolation buffer. Canalicular membranes were collected at 50,000 rpm, 45 min. in a Ti70 rotor (257,091xg). Cholesterol depletion and repletion of mouse liver plasma membranes-Cholesterol was depleted by incubation of membrane vesicles with 0.5-4 mM methyl-ß-cyclodextrin (300µg protein/2ml isolation buffer) in isolation buffer for 1 h at RT. Subsequently, membranes were centrifuged for 10 min at 20,000x g, washed in isolation buffer, and centrifuged again. For cholesterol repletion, membrane pellets were incubated for an additional hour at RT with methyl-ß-cyclodextrin/cholesterol inclusion complex (3:1). The resulting membrane pellets were resuspended in isolation buffer to a final protein concentration of 1 µg/µl. Vesicle preparations were revesiculated by passage through a 27-gauge needle. Cholesterolinclusion complex was prepared by adding 0.01 volume of a 0.1 M cholesterol stock (in CHCl 3 /CH 3 OH (1:2)) to a pre-warmed (80ºC) 3 mM methyl-ß-cyclodextrin (in isolation buffer) solution. The solution was extensively vortexed, sonicated (3 times for 10 secs at 50%), and passed through a 0.45µm filter. Cholesterol and choline-containing phospholipids in the vesicle preparation were measured as described above. Protein content was measured using the bicinchoninic acid method. 3 H]GS) was measured using the rapid filtration technique as described (17) . Briefly, membrane vesicles (30 μg protein) were incubated for 3 min in (37°C) reaction-mixture containing 250 mM sucrose and 20 mM Hepes/Tris (pH7.4)/8 mM MgCl 2 /20 mM creatine phosphate/0.8 mg creatine kinase per ml/1μCi [ 3 H]TC per ml, with or without 4 mM ATP. Reactions were stopped and after rapid filtration, filters were washed 4 times with 3 ml stop buffer (250 mM sucrose and 20 mM Hepes/Tris, pH7.4). Filters were placed in liquid scintillation fluid and radioactivity was measured in a liquid scintillation counter.
Membrane vesicle transport assay-
Recombinant protein expression in Sf21 cells-
Recombinant human ABCB11 and ABCC2 were expressed in Sf21 cells using the baculovirus expression system as described previously (17) . Baculovirus for ABCB11 was kindly provided by Dr. R.J. Thompson. Protein was produced either in suspension (3-5 x 10 8 cells per spinner) or in monolayer (2 x 10 7 per flask) cultures. Cells were grown at 27ºC in Grace's insect medium supplemented with 10% fetal bovine serum/1% glutamine/1% penicillin/streptomycin and were incubated for one hour with viral stocks at MOI 10 and harvested 3 days post-infection. Membranes were isolated as described previously (17) . Cholesterol depletion and repletion of Sf21 membranes as described above. Bile salts, phospholipids, and cholesterol assays-Serum bile salt levels were determined using Diazyme total bile acids kit (Diazyme Laboratories, Poway, USA). Cholinecontaining phospholipids and cholesterol were determined enzymatically as described (13) . All measurements were done on a Novostar analyzer (BMG Labtech GmbH, Offenburg, Germany). Statistical analyses-Statistical analyses were performed using Student's t-test; a p-value of less than 0.05 was considered significant. All data were expressed as means ± standard deviation (s.d.).
RESULTS
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Atp8b1 deficient mice display reduced biliary output of organic anions and bile salts.
Our present studies are performed with Atp8b1 deficient mice on a C57Bl/6 background. We studied this background because in our hands the cholestatic phenotype caused by Atp8b1 deficiency is strongest in these animals (15) . Single-pass perfusion of Atp8b1-deficient livers with radiolabeled taurodeoxycholate showed a 4-fold reduced hepatobiliary output of label and a concomitant 4-fold enhanced hepatic retention of label compared to wild types (Fig.1A) . We subsequently investigated whether Atp8b1 deficiency only affects bile salt transport or also other prominent transport activities in the canalicular membrane. To this end we studied Abcc2-mediated organic anion excretion in Atp8b1 deficient mice using the Abcc2 substrate, 5'-carboxyfluorescein (5'-CF). To measure 5'-CF excretion, livers were perfused with a bolus of 5'-CF. Using Abcc2 -/-mice we first demonstrated that this organic anion is exclusively excreted into bile via Abcc2 (not shown). In wild-type mice, hepatobiliary excretion of 5'-CF peaked at t = 30 min but was at least 4-fold reduced in Atp8b1 deficient mice (Fig. 1A ). These data demonstrate that Atp8b1 deficiency not only impairs Abcb11-mediated bile salt transport but also Abcc2-mediated organic anion transport.
Canalicular membranes of Atp8b1 mutant mice have a reduced cholesterol to phospholipid ratio. Atp8b1 deficient mice displayed enhanced Abcg5/g8-independent biliary cholesterol output when challenged with taurocholate (13;15), which suggests enhanced extraction of cholesterol from the canalicular membrane by bile salts. Thus, we hypothesized that Atp8b1 deficient canalicular membranes have reduced amounts of cholesterol compared to wild-type. To study this, we isolated canalicular and basolateral membranes from wild-type and Atp8b1 deficient mice fed a 0.5% cholatesupplemented diet for 1 week, and measured membrane cholesterol and choline-containing phospholipid content (Fig. 2) . Atp8b1 deficient mice were cholestatic as judged from a dramatic increase in serum bile salt levels (~ 50-fold). The cholesterol to choline-containing phospholipid ratio (CH/PC) of canalicular membranes of Atp8b1 deficient mice was 0.75 ± 0.24 compared to a ratio of 2.03 ± 0.71 for canalicular membranes from wild-type mice. Strikingly, the cholesterol depletion was not confined to the canalicular membrane but was also found in the basolateral membrane fraction. This is not surprising as lipids can freely pass the tight junctions via the inner leaflet of the plasma membrane (18) . These data show that challenging Atp8b1 deficient mice with a cholate-supplemented diet strongly depletes the cholesterol content of the plasma membrane. These observations allow the hypothesis that cholestasis may be caused by impaired transporter function in a canalicular membrane that has a reduced cholesterol content.
Cholesterol depletion from mouse liver plasma membranes reduces Abcb11-and Abcc2-mediated transport. To test the hypothesis distilled from the experiments above (Figs. 1 and 2), we investigated the effect of modulation of membrane cholesterol content on Abcb11 and Abcc2 transport activities. To study this, we selectively extracted cholesterol from mouse liver plasma membranes with methyl-β-cyclodextrin (MßCD) and measured the uptake of the Abcb11-and Abcc2 model substrates taurocholate (TC) and dinitrophenyl[glycine-2-]glutathione (DNP-GS), respectively, by these vesicles. Cholesterol depletion did not interfere with plasma membrane integrity as it did not result in extraction of any protein or phosphatidylcholine (PC) (Fig.  3A) . Consequently, the CH/PC ratio rapidly decreased upon treatment with increasing concentrations of MßCD (Fig. 3B ). There was a striking, near-linear relation between cholesterol content of the membranes and ATP-dependent TC transport, with a complete abrogation of transport at 80% of cholesterol depletion (Fig. 3C ). Abcc2-mediated transport was less sensitive to cholesterol depletion; DNP-GS uptake was not affected up to 30% of membrane cholesterol depletion. However, from that point on the ATP-dependent transport activity rapidly declined to negligible levels at 70% of membrane cholesterol depletion (Fig. 3D) .
Cholesterol addition stimulates Abcb11-and Abcc2-mediated transport. Next, we studied whether the inactivation of Abcb11-and Abcc2-mediated transport by membrane cholesterol depletion was reversible. Maximal membrane cholesterol depletion with 4mM MßCD resulted in a decreased CH/PC ratio (0.7 vs. 1.8 in cholesterol depleted vs. control or repleted membranes) and a concomitant maximal inactivation of Abcb11-mediated TC transport (Fig. 4A, white bar) . Subsequent repletion of these depleted membranes with cholesterolsaturated MßCD fully restored TC transport (Fig. 4A, hatched bar) . We also studied whether we could stimulate Abcb11-and Abcc2-mediated transport to higher than endogenous levels by supplementation of membranes with cholesterol. Addition of cholesterol to wildtype membranes resulted in an enhanced CH/PC ratio (1.8 vs. 2.2 in control vs. cholesterol-repleted membranes) and a concomitant 100% increase in Abcb11-mediated TC uptake (Fig. 4B) . Similarly, cholesterol repletion of Atp8b1 deficient membranes also enhanced the CH/PC ratio (1.2 vs. 1.7 in control vs. cholesterol-repleted membranes) and, as expected, resulted in an even stronger stimulation of Abcb11 activity by 250% (Fig. 4C) . A similar cholesteroldependence of transport activity was observed for Abcc2 (not shown). These data indicate that membrane cholesterol content and/or the cholesterol to PC ratio is a critical determinant of the transport activity of Abcb11 and Abcc2.
Kinetics of Abcb11-mediated TC uptake in liver plasma membranes upon cholesterol depletion. Next, we determined the kinetics of Abcb11-mediated TC uptake after depletion of cholesterol from liver plasma membranes (Fig. 5) . Cholesterol was depleted from liver plasma membranes with 3mM MßCD and the initial uptake of different concentrations of TC was measured in controland MßCD-treated membranes. TC uptake by both control and cholesterol-depleted membranes was saturable and obeyed Michaelis-Menten kinetics (Fig. 5, insert) . When expressed in an Eadie-Scatchard plot, the data indicate that the K m is largely unaffected (the slope of both lines are the same and equal 1/K m ), indicating that cholesterol depletion does not affect the affinity of TC for the transporter. Since the Y-axis corresponds to V max /K m , this experiment demonstrates that membrane cholesterol depletion reduces the V max, TC .
Effect of cholesterol repletion on ABCB11 and ABCC2 activity in Sf21 membranes. In order to study the relation between membrane cholesterol content and transporter activity in more detail, we expressed human ABCB11 and ABCC2 in Sf21 insect cells. Compared to mammalian cells, insect cells contain very little membrane cholesterol (19;20) , which makes these cells very suitable to study the relation between membrane cholesterol and protein activity. Indeed, the cholesterol content of Sf21 membranes (cells were grown in 10% fetal calf serum) is approximately 6-fold lower compared to mouse liver plasma membranes (Table 1) . Consequently, the CH/PC ratio of Sf21 membranes was 0.13 ± 0.02, which is in the same range as described for Sf9 cells (19;20) , and is 13-fold lower compared to liver plasma membranes (1.7 ± 0.2). Sf21 membranes expressing ABCB11 or ABCC2 protein and mouse liver plasma membranes were incubated with 3mM MßCD or MßCD-cholesterol (3:1) inclusion complex. Subsequently, uptake of TC or DNP-GS by these membranes was measured (Fig. 6 ). As expected, MßCD treatment did not affect Sf21 membrane cholesterol and choline-containing phospholipid content nor did it affect ABCB11-and ABCC2-mediated transport activity (not shown). Cholesterol repletion of Sf21-ABCB11, Sf21-ABCC2, and liver plasma membranes resulted in 10-, 11-, and 4-fold increase in membrane cholesterol compared to cholesterol-depleted membranes, respectively (Fig. 6B) . Despite the 10-fold increase in membrane cholesterol of Sf21-ABCB11 membranes, uptake of TC was only 1.3-fold enhanced (Fig. 6A) , which contrasts the 7-fold increase in Abcb11-mediated TC uptake in liver plasma membranes. Uptake of DNP-GS by Sf21-ABCC2 membranes was ~ 3-fold enhanced (and comparable to a ~ 4-fold increase in liver plasma membranes (not shown)). The cholesterol to PC ratios of the cholesterol repleted membranes were 1.2, 1.6, and 2.2 for the Sf21-ABCB11, Sf21-ABCC2, and liver plasma membranes, respectively (Fig.  6C) . These data show that also in Sf21 membranes the activity of ABCB11 and ABCC2 can be increased by addition of cholesterol to the membrane. The marginal increase in ABCB11-mediated transport may be explained by the difference in membrane composition/biophysical properties between Sf21 cells and liver plasma membranes. Altogether, our data indicate that the activity of the ABC transporters ABCB11 and ABCC2 in the canalicular membrane is very sensitive to modulation of membrane cholesterol content, albeit to a different extent.
DISCUSSION
Here we show that the activity of the canalicular transport proteins Abcb11 and Abcc2 is strongly dependent on canalicular membrane cholesterol content. In order to withstand the high millimolar concentrations of bile salts in the canalicular lumen, the hepatocyte canalicular membrane is protected by two different mechanisms (reviewed in (21)). First, biliary excretion of bile salts is coupled to biliary output of phosphatidylcholine, a process mediated by ABCB4. PC is translocated from the cytoplasmic to the exoplasmic leaflet where it is readily extracted by bile salt micelles to form mixed micelles (22;23) . This process is essential to protect the canalicular and cholangiocyte apical membrane from the detergent action of bile salts. Secondly, the exoplasmic leaflet of the canalicular membrane is a rigid membrane which is enriched in (glyco)sphingolipids and cholesterol (24) (25) (26) . Sphingolipid-cholesterol-rich membrane domains or 'rafts' are in a liquid-ordered (L o ) phase and are highly resistant towards detergents such as bile salts (21;27) . Based on our previous work, we have hypothesized that ATP8B1 activity is crucial in maintaining this L o phase by flipping excess phosphatidylserine from the exoplasmic to the cytoplasmic leaflet of the canalicular membrane, thereby increasing the relative amount of sphingolipids (8;13;15) . ATP8B1 deficiency dissipates normal phospholipid asymmetry of the canalicular membrane and causes a shift from a L o to a more liquid-disordered phase. As a result the canalicular membrane becomes sensitive to extraction of cholesterol by hydrophobic bile salts. We hypothesized that enhanced cholesterol extraction results in reduced canalicular membrane cholesterol content and that this subsequently impairs ABCB11 activity ( fig. 3 ). Our present data support this hypothesis. Firstly, we show that the cholesterol to phospholipid ratio of the canalicular membrane in cholestatic Atp8b1 deficient mice was dramatically reduced (Fig. 2) . This observation indicates that in cholate-fed Atp8b1 deficient mice cholesterol is extracted from the canalicular membrane, which impairs Abcb11 (and Abcc2) activity. A similar observation has been described for Abcg8 -/-mice, which have impaired hepatobiliary excretion of cholesterol (28) ; Taurodeoxycholate infusion in these mice was associated with a 50% reduction in the cholesterol to phospholipid ratio of the canalicular membrane. Under this condition these mice also became cholestatic (28) . Whereas in Atp8b1 deficient mice membrane cholesterol content is reduced due to extraction by hydrophobic bile salts, membrane cholesterol content in Abcg8 -/-mice is reduced due to impaired cholesterol translocation to the exoplasmic leaflet. However, in both mouse models a cholesterol to phospholipid ratio of the canalicular membrane is associated with impaired Abcb11 activity. Secondly, our in vitro experiments show that Abcb11 activity is very sensitive to modulation of membrane cholesterol content (Fig. 3) ; Extraction of only 10% of membrane cholesterol resulted in a reduction of Abcb11 activity of 10-20% and maximal inhibition of transport at 80% of cholesterol depletion, a process which was fully reversible. Abcc2 activity, on the other hand, was less sensitive to changes in membrane cholesterol content; depletion of membrane cholesterol up to 30% did not affect Abcc2 activity, but further cholesterol depletion also completely abrogated this activity. It is not clear how cholesterol depletion affects these transport activities but disturbance of the lipid shell of these transport proteins and/or changes in membrane fluidity may well impair protein structure and activity (for review see (29) . We find that cholesterol depletion from liver plasma membranes does not affect the affinity of TC for Abcb11 but rather impairs the velocity of TC transport (Fig. 5) . Similar findings have been reported for the multidrug transport protein ABCG2 expressed in Sf9 insect cells (30) ; Cholesterol repletion of ABCG2-expressing insect cell membranes stimulated ABCG2-mediated transport activity, with little effect on the substrate affinity for the protein. In another study, cholesterol repletion (10-fold increase in membrane cholesterol) stimulated the formation of the catalytic intermediate of ABCG2 and methotrexate transport was 15-fold enhanced (31) . Our repletion experiments in ABCB11-expressing Sf21 insect cell membranes (which contain negligible amounts of cholesterol) show that, despite a ~10-fold increase in membrane cholesterol content, transport activity was only marginally enhanced (1.3-fold). ABCC2 activity, on the other hand, was 3-fold enhanced with a concomitant 11-fold increase in membrane cholesterol content. In relation to this, it has recently been reported that modulation of membrane cholesterol content of ABCB1 and ABCC1-expressing Sf9 membranes also showed a negligible effects on these transport activities (31) . Apparently, additional parameters are important for optimal activity of these type of proteins in insect cell membranes. An important possibility is the phospholipid composition of insect cell membranes, which contain much higher amounts of PE and less (if any) SM ((19). In our own lipid analysis of Sf21 membranes (data not shown) we also observed a much higher PE content (~35% of total phospholipid in Sf21 compared to ~17% in canalicular membranes).
Our study shows that canalicular membrane cholesterol content is an important determinant of ABCB11/ABCC2 activity. These data provide an explanation for the etiology of PFIC1/BRIC1 (see Fig. 7 for a model); intrahepatic cholestasis in PFIC1 is caused by an impaired aminophospholipid flippase activity that results in canalicular membrane phospholipid randomization; this renders the canalicular membrane more sensitive to extraction of cholesterol by bile salts, which reduces the cholesterol over phospholipid ratio and thereby impairs ABCB11 activity. The latter process causes cholestasis. These findings are not only relevant for PFIC1; they also suggest a novel mechanism protecting the canalicular membrane against luminal bile salt overload. When luminal bile salt levels become too high and excessively extract cholesterol from the membrane, ABCB11 activity falls. This lessens canalicular bile salt excretion, and thus prevents further membrane damage. The canalicular membrane is a highly rigid, (glyco)sphingolipid/cholesterol-rich membrane, which is mostly in the liquid-ordered (L o ) state. This composition allows the membrane to resist high concentrations of luminal bile salts (up to 20 mM in the mouse). ATP8B1 is important for maintaining this L o state by reducing the content of phosphatidylserine in the luminal leaflet, which increases the relative (glyco)sphingolipid content. In ATP8B1-deficient membranes, normal phospholipid asymmetry is lost, i.e. phosphatidylserine is exposed in the luminal leaflet, which results in disturbance of the L o state. As a result the canalicular membrane becomes more sensitive to extraction of lipids, including cholesterol and PS, and canalicular ectoenzymes (a.o. alkaline phosphatase) by hydrophobic bile salts. The reduced cholesterol content of the membrane impairs the activity of ABCB11 (and ABCC2) and, as a consequence, causes cholestasis. Abbreviations: ATP8B1, phosphatidylserine flippase; ABCB11, the major bile salt transporter; ALP, alkaline phosphatase. 
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